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A multiple subunit Mi-2 histone deacetylase from Xenopus laevis
cofractionates with an associated Snf2 superfamily ATPase
Paul A. Wade, Peter L. Jones, Danielle Vermaak and Alan P. Wolffe
Chromatin structure plays a crucial regulatory role in
the control of gene expression. In eukaryotic nuclei,
enzymatic complexes can alter this structure by both
targeted covalent modification and ATP-dependent
chromatin remodeling. Modification of histone amino
termini by acetyltransferases and deacetylases
correlates with transcriptional activation and repression
[1–3], cell growth [4], and tumorigenesis [5]. Chromatin-
remodeling enzymes of the Snf2 superfamily use ATP
hydrolysis to restructure nucleosomes and chromatin,
events which correlate with activation of transcription
[6,7]. We purified a multi-subunit complex from
Xenopus laevis eggs which contains six putative
subunits including the known deacetylase subunits
Rpd3 and RbAp48/p46 [8] as well as substoichiometric
quantities of the deacetylase-associated protein Sin3
[9–13]. In addition, we identified one of the other
components of the complex to be Mi-2, a Snf2
superfamily member previously identified as an
autoantigen in the human connective tissue disease
dermatomyositis [14,15]. We found that nucleosome-
stimulated ATPase activity precisely copurified with
both histone deacetylase activity and the deacetylase
enzyme complex. This association of a histone
deacetylase with a Snf2 superfamily ATPase suggests a
functional link between these two disparate classes of
chromatin regulators.
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Results and discussion
Treatment of developing Xenopus laevis embryos with the
histone deacetylase inhibitor trichostatin A perturbs
normal patterns of development and gene expression [16].
This inhibitor also prevents repression mediated by the
thyroid hormone receptor/9-cis retinoic acid receptor het-
erodimer (TR/RXR) in the oocyte nucleus [17], suggesting
that deacetylases are present during early development
and that these enzymes perform regulatory functions in
transcription. In order to understand these events at a mol-
ecular level, we have initiated a systematic biochemical
analysis of histone deacetylase enzymes in Xenopus egg
and oocyte extracts. First, we confirmed biochemically
that these cells contain extractable histone deacetylase
activity. Using histones acetylated by the yeast histone
acetyltransferase Hat1p [18] as a substrate (see Supple-
mentary material published with this paper on the inter-
net), we observed robust hydrolysis of the lysine–acetate
amide bond in the presence of protein from egg extracts,
leading to acetate release (Figure 1a). Importantly,
deacetylation was almost completely inhibited by nanomo-
lar concentrations of trichostatin A. This demonstration of
enzymatic activity in the Xenopus egg prompted us to char-
acterize these enzymes further through classical fractiona-
tion and purification protocols. Although the data
presented here were obtained by fractionation of egg
extracts, we have obtained identical results using oocyte
extracts (data not shown).
A summary of the purification protocol for one deacety-
lase enzyme is presented in Figure 1b (see also Table 1).
This abundant enzyme was isolated through two ion
exchange steps and sucrose gradient sedimentation. The
initial cation exchange chromatography fractionated the
extract protein into two pools eluting at 0.1 and
0.5 M NaCl, each of which contained ample deacetylase
activity (data not shown). The 0.5 M NaCl elution from
the BioRex column, containing approximately 15% of
the total extract protein (Table 1), was further fraction-
ated by gradient elution on MonoQ. As seen in
Figure 1c, this step clearly resolved one major deacety-
lase activity peak from two minor ones. The first minor
deacetylase peak (fraction 27) has been shown to contain
the methyl CpG binding protein MeCP2 and several
associated polypeptides in addition to histone deacety-
lase activity [19]. The major peak containing both
histone deacetylase activity and RbAp48/p46 (a protein
that binds to the retinoblastoma A tumor suppressor) —
fractions 30 and 31 — was further purified by sedimenta-
tion on linear sucrose gradients (Figure 2a), sedimenting
at a rate (by comparison to proteins of known mass) con-
sistent with a molecular mass of 1–1.5 MDa (data not
shown). Protein recovery data for this purification is
reported in Table 1. Due to the presence of inhibitors
and multiple enzymes with similar (or identical) activi-
ties during early stages of purification, we were unable to
reliably quantitate deacetylase activity prior to the
MonoQ gradient.
The enzyme consisted of a series of cosedimenting
polypeptides correlating precisely with histone deacety-
lase activity (Figure 2a,b). We observed major subunits of
240, 80, 66, 58, 55, and 35 kDa, with the latter four pre-
sumptive subunits migrating as doublets (or a triplet in the
case of p66) in SDS–PAGE. The triplet migrating at
66 kDa stained less intensely with both Coomassie
(Figure 2a and Supplementary material) and silver (see
Supplementary material) staining protocols indicating that
the molar ratio of the major subunits of this enzyme may
not be equivalent. In addition to these predominant pro-
teins, we observed cosedimentation of several poly
peptides at clearly substoichiometric levels, particularly
proteins migrating at 190, 170, and 140 kDa (Figure 2a
and Supplementary material). As Rpd3 and RbAp48/p46
homologs were known to be subunits of several recently
described deacetylases [8–13], we used immunoblotting to
ascertain whether these proteins were present in our
enzyme preparation. We found the doublet migrating at
58 kDa to be immunoreactive using polyclonal antisera
directed against Xenopus Rpd3 (Figure 2c). The doublet at
55 kDa was identified as RbAp48/p46 using polyclonal
antisera directed against the Drosophila RbAp48/p46
homolog p55 (Figure 2c) and Xenopus RbAp48 (data not
shown). Copurification of these proteins has been
observed previously in other systems [8–13]. Finally,
although we are able to identify a substoichiometric
species at 170 kDa as the deacetylase-associated protein
Sin3 using antibodies against Xenopus Sin3 (see Supple-
mentary material), recovery of this polypeptide varied
from preparation to preparation and we do not fully under-
stand the nature of the interaction between Sin3 and the
major subunits of this deacetylase complex.
We sought to identify the peptide of 240 kDa by protease
digestion followed by peptide isolation, mass spectrome-
try and amino acid sequencing [20]. We obtained an
unambiguous amino acid sequence (NIEVLGFNAR, in
single-letter amino acid code) that exactly matched an
amino acid sequence in Mi-2, a previously described
human protein [14,15]. Mi-2 is an autoantigen in the
human disease dermatomyositis and is a nuclear protein
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Fractionation of histone deacetylase activity from Xenopus egg extract.
(a) Xenopus egg extracts contain histone deacetylase enzymes.
Histone deacetylase activity was measured by incubating the indicated
amounts of Xenopus egg extract with core histones acetylated in vitro
with [3H]acetyl coenzyme A and yeast Hat1p. Reactions proceeded for
30 min at 30°C, were terminated by acid (hydrochloric plus acetic
acid), extracted with ethyl acetate, and counted in a liquid scintillation
counter. Released acetate (as cpm of 3H) is depicted in the figure. The
sample in the lane marked 6 µl + TSA contained 6 µl extract and
trichostatin A at a final concentration of 300 nM. A reaction containing
no extract was used as a control (none). (b) Histone deacetylase
purification scheme. The flow chart summarizes the chromatographic
procedures described in the text. (c) Cofractionation of a major
deacetylase activity peak with RbAp48/p46. The indicated fractions
from the MonoQ column were assayed for deacetylase activity as in
(a). RbAp48/p46 was assayed by immunoblotting with an antibody
against p55, the Drosophila homolog of RbAp48/p46. Fractions that
contain the MeCP2 and Mi-2 proteins are marked beneath the blot.
Table 1
Protein recovery data for the purification of Mi-2.
Protein Total
Fraction Volume concentration protein
Egg extract 136 ml 6.9 mg/ml 940 mg
BioRex 70 pool 30 ml 3.5 mg/ml 105 mg
MonoQ 10/10 8 ml 0.46 mg/ml 3.7 mg
Sucrose pool 5 ml ≤0.01 mg/ml ~50 µg*
Protein concentrations for the various fractions were determined using
the BioRad protein assay following manufacturer’s instructions and
using bovine serum albumin as a standard. *Protein concentration
estimated from Coomassie-stained gel.
[14] apparently encoded by two closely related human
genes also known as HsCHD3 and HsCHD4 [21]. Features
of Mi-2 include plant homeodomain (PHD) zinc fingers,
chromodomains, limited similarity to the telobox DNA-
binding domain, and a Snf2 superfamily ATPase motif
[14,21]. Notably, using serum from patients afflicted with
dermatomyositis, Mi-2 has been observed to coprecipitate
with a set of polypeptides of molecular weights that are
remarkably similar to the deacetylase subunits described
in this work — specifically 240, 200, 150, 72, 65, 63, 50,
and 34 kDa [15]. We have confirmed the identity of the
sequenced amino acids between the published human
Mi-2 clones and a partial Xenopus cDNA clone (Genbank
accession number AF059185). In addition, we obtained
mass spectrometry data and partial amino acid sequence
which identified a second peptide (QEESVDPDYWEK)
deduced from the nucleotide sequence of the Xenopus
cDNA clone (data not shown).
To test experimentally the possibility that Xenopus Mi-2
functions as an ATPase, we directly examined ATPase
activity with various cofactors. We found that ATPase
activity precisely cosedimented with deacetylase activity
and with the deacetylase polypeptides. Consistent with a
role in modulation of chromatin structure, this activity was
strongly stimulated by nucleosomes but not significantly
by free DNA or histones (Figure 2d), much like the activ-
ity described for the Drosophila imitation switch (ISWI)-
containing complex termed nucleosome remodeling factor
(NURF) [22]. As Mi-2 ATPase activity had not been pre-
viously studied in the context of chromatin, we used
immunoblotting to ascertain whether the nucleosome-
stimulated ATPase activity we observed was in fact a
property of Mi-2 or resulted from the presence of contami-
nating ISWI. The major ISWI peak from the MonoQ gra-
dient (Figure 1b and data not shown) was sedimented in a
manner identical to the Mi-2 deacetylase. Immunoblot
analysis of this gradient indicated that Xenopus ISWI sedi-
ments at a vastly different rate than the deacetylase
enzyme (Figure 2e). Additionally, we have directly exam-
ined the Mi-2 deacetylase sucrose fractions for ISWI and
failed to detect this protein (data not shown). As all other
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Figure 2
A histone deacetylase complex composed of
six major subunits has both deacetylase and
ATPase activities. (a,b) Copurification of
deacetylase activity with a multi-polypeptide
complex. (a) Indicated fractions from the
sucrose gradient were electrophoresed (10%
SDS–PAGE) and stained with Coomassie
blue. The migration of molecular weight
markers is given on the left side of the gel.
Arrows denote major components of the
enzyme complex. (b) The fractions in (a) were
assayed for deacetylase activity as described
for Figure 1a. Hydrolyzed lysine–acetate amide
bonds are depicted as cpm of 3H.
(c) Identification of RbAp48/p46 and Xenopus
Rpd3 as subunits of the enzymatic complex.
The indicated sucrose fractions were analyzed
by SDS–PAGE and immunoblotting.
RbAp48/p46 was detected as in Figure 1c
and Xenopus Rpd3 was detected using anti-
Xenopus-Rpd3 polyclonal antiserum.
(d) Nucleosome-stimulated ATPase activity
precisely cosediments with histone
deacetylase activity. The sucrose gradient
fractions depicted in (a,b) were incubated with
γ[32P]-ATP and purified chicken erythrocyte
mononucleosomes, salmon sperm DNA, or
purified chicken erythrocyte core histones for
30 min at room temperature. Reactions were
spotted on PEI cellulose thin layer
chromatography plates and developed in 1 M
formic acid, 0.5 M LiCl. ATP hydrolysis (in
fmol) was quantitated using a phosphorimager
with ImageQuant software. (e) Xenopus ISWI
sediments at a vastly different rate than the Mi-2
deacetylase enzyme. The major ISWI peak
from the MonoQ gradient was sedimented in
parallel with the major deacetylase peak.
Indicated sucrose gradient fractions were
analyzed by SDS–PAGE and immunoblotting.
The deacetylase enzyme was detected using
the anti-p55 antibody and ISWI was detected
using polyclonal serum against Xenopus ISWI.
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currently characterized chromatin ATPases are stimulated
by DNA [23] — unlike the enzyme we have purified —
we did not directly investigate the presence of other
Swi2/Snf2 family members in the Mi-2 deacetylase
sucrose fractions. We conclude that the nucleosome-stim-
ulated ATPase activity detected in our assay is a property
of Mi-2 itself and that this protein represents another
member of the Snf2 superfamily of proteins which use
energy from ATP hydrolysis to facilitate some aspect of
chromosome metabolism [6,7,23].
The biochemical coupling of histone deacetylase and
nucleosome-stimulated ATPase activities suggests that
these activities may have a common functional role. The
ATPase activity may be necessary to disrupt nucleosomes
in order to facilitate histone deacetylation. In considering
the potential biological role of this nucleosome-stimulated
ATPase, we note that following fertilization, the Xenopus
egg undergoes a series of rapid cell divisions in the
absence of zygotic transcription, resulting in a 6000 cell
embryo within 8 hours. These rapid mitotic cycles place
an immense burden on the machinery for chromosome
replication, including the machinery for histone deposi-
tion and chromatin maturation. The chromatin maturation
process is known to be sequential, to involve deacetylation
of the newly deposited histones (which are deposited with
diacetylated histone H4, much like the substrates we have
used in this study), and to result in an ordered array of
nucleosomes [24]. We propose that histone deacetylase
activity coupled to a nucleosome-remodeling ATPase
activity is ideally suited to the process of chromatin matu-
ration. Later in development, after the acquisition of a
more ‘normal’ mitotic cycle, this enzyme may also perform
additional functions such as the repression of individual
genes or chromosomal regions following its recruitment by
DNA-binding proteins or through interactions mediated
by the chromodomain motif of Mi-2. Further experiments
will explore these possibilities.
Supplementary material
Figures showing the histone substrates for the deacetylase assays, the
quantitation of the relative amounts of the subunits of the purified
deacetylase enzyme and the cosedimentation of Sin3 with Mi-2
deacetylase are published with this paper on the internet.
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S1Supplementary material
Figure S2
Densitometric scan of deacetylase enzyme. The protein gel depicted in
the paper (see Figure 2a, lane 3) was scanned with a laser
densitometer and the relative intensities of each band were quantitated
with ImageQuant software. The areas of each peak are given in
arbitrary units.
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Figure S1
Histone substrates for deacetylase assays.
(a) Conventional SDS–PAGE of purified
chicken erythrocyte core histones before
acetylation (control) and after acetylation
(acetylated) with recombinant yeast Hat1p.
(b) Triton acid urea gel of the same histone
samples. In (a,b), the core histones are
labelled at the left. In (b), the arrows on the
right indicate the migration position of
unacetylated (0), monoacetylated (1), and
diacetylated (2) histone H4. Both
Coomassie-stained gels and fluorograms of
the gels are shown.
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Figure S3
Cosedimentation of Sin3 with Mi-2 deacetylase. (a) Sucrose fractions
from the same centrifuge run depicted in Figure 2 were
electrophoresed on a 10% SDS–PAGE gel and stained with silver.
The peak deacetylase fractions are shown. (b) Sin3 immunoblot. The
fractions depicted in the silver-stained gel in Figure 3a were
electrophoresed, transferred to PVDF membrane and visualized with
antibodies against Xenopus Sin3. 
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